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Optical solitons are waveforms that preserve their shape while propagating, relying on a balance
of dispersion and nonlinearity[1, 2]. Soliton-based data transmission schemes were investigated in
the 1980s, promising to overcome the limitations imposed by dispersion of optical fibers. These ap-
proaches, however, were eventually abandoned in favor of wavelength-division multiplexing (WDM)
schemes that are easier to implement and offer improved scalability to higher data rates. Here, we
show that solitons may experience a comeback in optical communications, this time not as a com-
petitor, but as a key element of massively parallel WDM. Instead of encoding data on the soliton
itself, we exploit continuously circulating dissipative Kerr solitons (DKS) in a microresonator[3, 4].
DKS are generated in an integrated silicon nitride microresonator [5] by four-photon interactions
mediated by Kerr nonlinearity, leading to low-noise, spectrally smooth and broadband optical fre-
quency combs[6]. In our experiments, we use two interleaved soliton Kerr combs to trans-mit a
data stream of more than 50 Tbit/s on a total of 179 individual optical carriers that span the entire
telecommunication C and L bands. Equally important, we demonstrate coherent detection of a
WDM data stream by using a pair of microresonator Kerr soliton combs one as a multi-wavelength
light source at the transmitter, and another one as a corresponding local oscillator (LO) at the re-
ceiver. This approach exploits the scalability advantages of microresonator soliton comb sources for
massively parallel optical communications both at the transmitter and receiver side. Taken together,
the results prove the significant potential of these sources to replace arrays of continuous-wave lasers
in high-speed communications. In combination with advanced spatial multiplexing schemes[7, 8] and
highly integrated silicon photonic circuits[9], DKS combs may bring chip-scale petabit/s transceivers
into reach.
The first observation of solitons in optical fibers[2]
in 1980 was immediately followed by major research
efforts to harness such waveforms for long-haul com-
munications[1]. In these schemes, data was encoded
on soliton pulses by simple amplitude modulation using
on-off-keying (OOK). However, even though the viabil-
ity of the approach was experimentally demonstrated by
transmission over one million kilometres[10], the vision
of soliton-based communications was ultimately hindered
by difficulties in achieving shape-preserving propagation
in real transmission systems[1] and by the fact that non-
linear interactions intrinsically prevent dense packing of
soliton pulses in either the time or frequency domain.
Moreover, with the advent of wavelength-division mul-
tiplexing (WDM), line rates in long-haul communica-
tion systems could be increased by rather simple par-
allel transmission of data streams with lower symbol
rates, which are less dispersion sensitive. Consequently,
soliton-based communication schemes have moved out
of focus over the last two decades. More recently, fre-
quency combs were demonstrated to hold promise for
revolutionizing high-speed optical communications, of-
fering tens or even hundreds of well-defined narrowband
optical carriers for massively parallel WDM[8, 11, 12].
Unlike carriers derived from a bank of individual laser
modules, the tones of a comb are intrinsically equidis-
tant in frequency, thereby eliminating the need for in-
dividual wavelength control and for inter-channel guard
bands[8, 12]. In addition, when derived from the same
comb source, stochastic frequency variations of optical
carriers are strongly correlated, permitting efficient com-
pensation of impairments caused by nonlinearities of the
transmission fiber[13]. For application in optical commu-
nications, frequency comb sources must be compact. In
recent years, a wide variety of chip-scale comb generators
have been demonstrated[14, 15], enabling transmission of
WDM data streams with line rates[16] of up to 12 Tbit/s.
Transmission at higher line rates however, requires more
carriers and lower noise levels, and still relies on spectral
broadening of narrowband seed combs using dedicated
optical fibers[8, 11, 12] or nanophotonic waveguides[17].
In addition, generating uniform combs with a broadband
spectral envelope often requires delicate dispersion man-
agement schemes, usually in combination with interme-
diate amplifiers[11]. Such schemes are difficult to minia-
turize and not readily amenable to chip-scale integration.
Moreover, with a few exceptions at comparatively low
data rates[18], all advanced comb-based transmission ex-
periments exploit the scalability advantages only at the
transmitter, but not at the receiver, where individual
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2continuous-wave (CW) lasers are still used as optical lo-
cal oscillators (LO) for coherent detection.
In this paper, we show that dissipative Kerr solitons[3]
(DKS) generated in integrated photonic microresonators
via Kerr-nonlinear four-photon interactions, allow for
generation of highly stable broadband frequency combs
that are perfectly suited to overcome scalability limita-
tions of massively parallel optical transmission both at
the transmitter and receiver. Microresonator-based Kerr
comb sources[19, 20] intrinsically offer unique advantages
such as small footprint, large number of narrow-linewidth
optical carriers, and line spacings of tens of GHz, which
can be designed to fit established WDM frequency grids.
However, while these advantages were recognized, previ-
ous transmission experiments[15] were limited to aggre-
gate line rates of 1.44 Tbit/s due to strong irregularities
of the optical spectrum associated with the specific Kerr
comb states.
These limitations can be overcome by using DKS
combs generated in a CW-driven microresonator. The
technique exploits four-wave mixing, a process that con-
verts two pump photons into a pair of new photons. In a
microresonator, the strength of this interaction is given
by the single-photon Kerr frequency shift of g =
~ω20cn2
n2Veff
,
where n2(n) is the nonlinear (linear) refractive index, c
the speed of light in vacuum, ~ the reduced Planck con-
stant, Veff the nonlinear optical mode volume and ω0 the
angular frequency of the pump mode. For pump pow-
ers that cause the cavity Kerr frequency shift to exceed
the linewidth of the resonance, parametric oscillations
lead to the emergence of Kerr frequency combs (modu-
lation instability, MI Kerr combs). Bright DKS can be
formed in this process when the microresonator has a
locally anomalous group velocity dispersion (i.e. a Tay-
lor expansion for cavity modes ωµ = ω0 +
∑∞
i=1
Di
i! µ
i
has D2 > 0) and a CW laser excitation (frequency
ωL) that is red detuned from the cavity resonance (i.e.
δω = ω0 − ωL > 0). Mathematically, DKS states appear
as specific solutions of the Lugiato-Lefever equation[21]
and consist of an integer number of discrete secant-
hyperbolic-shaped pulses on a CW background circulat-
ing in the cavity[3]. Stability of such states relies on
the double balance of dispersion and Kerr nonlinearity
as well as of nonlinear parametric gain and cavity loss.
Theoretically predicted in Ref. [4] and first reported
to spontaneously form in microresonators made from
crystalline MgF2, DKS have been observed in different
types of material systems including silica-on-silicon[22]
and silicon nitride[6] (Si3N4) as well as silicon[23]. Of
particular interest are single-soliton states, which con-
sist of only one ultra-short pulse circulating around the
cavity, leading to a broadband comb spectrum with a
smooth and numerically predictable[3] envelope given by
P (µ) ≈ κexD2~ω04g sech2(piµ2
√
D2
2δω ), where κex represents
the external coupling rate to the bus waveguide (see SI
for more details). DKS have already been used in ap-
plications such as self-referencing of optical frequency
combs[24, 25], low noise microwave generation[26] and
dual soliton comb spectroscopy[22, 27].
Our demonstration comprises a series of three experi-
ments that exploit the extraordinarily smooth and broad-
band spectral envelope and the inherently low phase noise
of DKS combs for massively parallel coherent communi-
cations. In a first experiment, we transmit data on 94
carriers that span the entire telecommunication C and L
bands with a line spacing of ∼ 100 GHz. Using 16-state
quadrature amplitude modulation (16QAM) to encode
data on each of the lines, we achieve an aggregate line
rate of 30.1 Tbit/s. In a second experiment, we double
the number of carriers by interleaving two DKS combs.
This gives a total of 179 carriers and an aggregate line
rate of 55.0 Tbit/s transmitted over a distance of 75 km
the highest data rate achieved to date with a chip-scale
frequency comb source. In a third experiment, we demon-
strate coherent detection using a DKS comb as a multi-
wavelength LO. We use 93 carriers to transmit and re-
ceive an aggregated line rate of 37.2 Tbit/s. In these ex-
periments, the LO comb is coarsely synchronized to the
transmitter comb, and digital signal processing is used to
account for remaining frequency differences. The results
prove the tremendous potential of Kerr soliton combs,
both as multi-wavelength optical sources and as LO for
massively parallel WDM transmission.
Our work relies on integrated Si3N4 microresonators[3]
for generation of DKS frequency combs, cf. Fig. 1a.
The Si3N4 platform is chosen due to its low optical
losses and its compatibility with large-scale silicon-based
processing[5]. The microresonators feature a waveguide
height of 800 nm to achieve anomalous GVD and are
fabricated using the photonic Damascene process[28].
Neighboring resonances are spaced by 100 GHz while fea-
turing intrinsic Q-factors exceeding 106. DKS combs are
obtained by sweeping of the pump laser through the res-
onance from a blue-detuned wavelength to a predefined
red-detuned wavelength[3, 6]. This leads initially to the
generation of MI Kerr combs followed by DKS states once
the resonance is crossed, cf. Fig. 1. Importantly, once a
multiple-soliton comb state is generated, the transition
to a single-soliton state can be accomplished in a reli-
able and deterministic manner[29] by adjusting the laser
frequency cf. Fig. 1a and 1b and Methods. The mea-
sured power spectrum of the DKS comb state is shown
in Fig. 1c, which exhibits a 3 dB spectral bandwidth of
∼ 6 THz. The soliton comb states are remarkably stable
for many hours in a laboratory environment, which is key
to the transmission experiments presented in this work.
The general concept of massively parallel data trans-
mission using a frequency comb as a light source is
depicted in Fig. 2a. For emulating massively parallel
WDM transmission in our laboratory, we rely on a sim-
plified scheme using only two independent data streams
on neighboring channels along with an emulation of po-
larization division multiplexing, see Section 2 of the Sup-
plementary Information (SI) for details. We use 16QAM
at a symbol rate of 40 GBd along with band-limited
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FIG. 1. Broadband Kerr comb generation using dissipative Kerr solitons in high-Q silicon nitride microres-
onators. a, Principle of soliton frequency comb generation: The integrated photonic microresonator is pumped by a tunable
CW laser amplified by an erbium-doped fiber amplifier (EDFA). Lensed fibers are used to couple light to the chip (FPC
fiber polarization controller). After the microresonator, a notch filter (NF) suppresses the remaining pump light. The insets
show scanning electron microscopy images of a Si3N4 microresonator with a radius of 240µm. Right inset: Top view. The
checker-board pattern results from the photonic Damascene fabrication process[28], see Methods. Left insets: Cross sections
of the resonator waveguide (0.8 × 1.65 µm2) at the coupling point (top) and at the tapered section (bottom, dimensions
0.8 × 0.6 µm2). The tapered section is used for suppressing higher order modes families[30], while preserving a high optical
quality factor (Q ∼ 106), see Methods. b, Pump tuning method for soliton generation in optical microresonator, showing the
evolution of the generated comb power versus pump laser wavelength: (I) The pump laser is tuned over the cavity resonance
from the blue-detuned regime, where high-noise modulation instability (MI) combs are observed, to the red-detuned regime,
where cavity bistability allows for the formation of soliton states (here a multiple soliton state); (II) Upon having generated a
multiple soliton state, the pump laser is tuned backwards to reduce the initial number of solitons down to a single one. The
insets on the right schematically show the corresponding intracavity waveforms in different states (MI, multiple and single
soliton state); c, Measured spectrum of a single-soliton frequency comb after suppression of residual pump light. The frequency
comb features a smooth spectral envelope with a 3 dB bandwidth of 6 THz comprising hundreds of optical carriers extending
beyond the telecommunication C and L bands (blue and red, respectively).
Nyquist pulses that feature approximately rectangular
power spectra, Fig. 2b. At the receiver, each channel
is individually characterized using a CW laser as LO
and an optical modulation analyzer, which extracts sig-
nal quality parameters such as the error-vector magni-
tude (EVM) or the bit-error ratio (BER). The BER of
the transmission experiment are depicted in Fig. 2e with
different BER thresholds indicated as horizontal dashed
lines. Out of the 101 carriers derived from the comb
in the C and L band, a total of 94 channels were used
for data trasmission. This leads to a total line rate of
30.1 Tbit/s, see Methods for details on data rate calcu-
ations. The transmission capacity is restricted by the
fact that the line spacing of ∼ 100 GHz significantly
exceeds the signal bandwidth of ∼ 40 GHz, leading to
unused frequency bands between neighbouring channels,
see Fig. 2b, and hence to a rather low spectral efficiency
(SE) of 2.8 bit/s/Hz.
These restrictions can be overcome by using interleaved
frequency combs, see Fig. 2c. The scheme relies on a pair
of DKS combs with practically identical line spacing, but
shifted with respect to each other by half the line spac-
ing by thermal tuning. At the receiver, this scheme still
relies on individual CW lasers as LO for coherent de-
tection. The interleaved comb features a line spacing of
∼ 50 GHz, which allows for dense packing of 40 GBd data
channels in the spectrum, see Fig. 2d. The BER results
of the transmission experiment are depicted in Fig. 2e
with different thresholds indicated as horizontal dashed
lines. For a given forward-error correction (FEC) scheme,
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FIG. 2. Data transmission using microresonator soliton frequency comb generators as optical sources for mas-
sively parallel WDM. a, Principle of data transmission using a single DKS comb generator as optical source at the transmitter.
A demultiplexer (DEMUX) separates the comb lines and routes them to individual dual-polarization in-phase/quadrature (IQ)
modulators, which encode independent data on each polarization. The data channels are then recombined into a single-mode
fiber using a multiplexer (MUX) and boosted by an erbium-doped fiber amplifier (EDFA) before being transmitted. At the
receiver, the wavelength channels are separated by a second DEMUX and detected using digital coherent receivers (Coh. Rx)
along with individual CW lasers as local oscillators (CW LO). In our laboratory experiment, we emulate WDM transmission
by independent modulation of even and odd carriers using two IQ modulators, see Section 2 of the SI for more details. We
use 16-state quadrature amplitude modulation (16QAM) at a symbol rate of 40 GBd per channel. b, Section of the optical
spectrum of the WDM data stream. Nyquist pulse shaping leads to approximately 40 GHz wide rectangular power spectra
for each of the carriers, which are spaced by ∼100 GHz. c, Principle of data transmission using interleaved DKS combs. At
the transmitter, two combs of practically identical line spacing are interleaved. The resulting comb features a carrier spacing
of ∼ 50 GHz, which enables dense spectral packing of WDM channels and hence high spectral efficiency. At the receiver, this
scheme still relies on individual CW lasers as LO for coherent detection, see Section 2 of SI for details. d, Section of the optical
spectrum of the WDM data stream. e, Measured bit-error ratios (BER) of the transmitted channels for the single-comb and
the interleaved-comb experiment, along with the BER thresholds[31] for error-free propagation when applying forward error
correction schemes with 7 % overhead (4.5× 10−3, dashed orange line) and 20 % overhead (1.5× 10−2, dashed blue line), see
Methods for details. For the interleaved-comb experiment, the outer 14 lines at the low-frequency edge of the L band were
modulated with quadrature phase-shift keying (QPSK) signals rather than 16QAM due to the low OSNR of these carriers. f,
Measured BER vs. optical signal-to-noise ratio OSNR of three different channels derived from a DKS frequency comb (blue)
and a high-quality ECL (red), all with 16QAM signalling at 40 GBd. A total of 106 bits were compared. The comb lines do
not show any additional penalty in comparison the ECL tones. Similar results were obtained at other symbol rates such as
28 GBd, 32 GBd, or 42.8 GBd. g, Constellation diagrams obtained for an ECL and DKS comb tone at 193.56 THz.
5these thresholds define the maximum BER of the raw
data channel that can still be corrected to a BER level
below 10−15, which is considered error-free[31], see Meth-
ods. We find a total of 204 tones in the C and L band,
out of which 179 carriers could be used for data trans-
mission. The remaining channels were not usable due to
technical limitations, see Section 2 of the SI. The trans-
mission performance is slightly worse than in the single-
comb experiment since twice the number of carriers had
to be amplified by the same EDFA, which were operated
at their saturation output power such that the power per
data channel reduced accordingly. Nevertheless, data was
successfully transmitted over 75 km of standard single-
mode fiber at a symbol rate of 40 GBd using a combina-
tion of 16QAM and QPSK. The total line rate amounts
to 55.0 Tbit/s, and the net data rate is 50.2 Tbit/s. This
is the highest data rate so far achieved with a chip-scale
frequency comb source, and compares very well to the
highest capacity of 102.3 Tbit/s ever transmitted through
a single-mode fiber core[32] using more than 200 discrete
DFB lasers as optical sources at the transmitter. In ad-
dition, we achieve an unprecedented spectral efficiency
of 5.2 bit/s/Hz, owing to the densely packed spectrum,
Fig. 2d. In the experiments, limited saturation output
power of the employed EDFA is the main constraint of
signal quality and BER, see Sections 2 and 5.3 of the SI
for details. The presented data rates are hence not lim-
ited by the DKS comb source, but by the components of
the current transmission setup, leaving room for further
improvement.
To confirm the outstanding potential of DKS combs
for data transmission, we compare the transmission per-
formance of a single comb line to that of a reference car-
rier derived from a high-quality benchtop-type external-
cavity laser featuring an optical linewidth of approxi-
mately 10 kHz, an optical output power of 15 dBm, and
an optical carrier-to-noise power ratio (OCNR) in excess
of 60 dB. As a metric for the comparison, we use the
OSNR penalty at a BER of 4.5×10−3, which corresponds
to the threshold for FEC with 7 % overhead[31]. The re-
sults for 40 GBd 16QAM tansmission are shown in Fig. 2f
for three different comb lines and for ECL reference trans-
mission experiments at the corresponding comb line fre-
quencies. The OSNRref values are defined for a reference
bandwidth of 0.1 nm, see Section 3 of the SI. As shown,
no additional OSNR penalty is observed for the frequency
comb when compared with the high-quality ECL: For
both sources, we observe an OSNR penalty of 2.6 dB
with respect to the theoretically required OSNR (black
line) for a BER of 4.5 × 10−3. DKS-based light sources
can hence dramatically improve scalability of WDM sys-
tems without impairing the signal quality under realistic
transmission conditions. The error floor in Fig. 2f is at-
tributed to transmitter nonlinearities and electronic re-
ceiver noise in our setup. Figure 2g shows the measured
constellation diagrams for the ECL and the comb line at
193.56 THz, both taken at the same OSNR of 35 dB.
To demonstrate the potential of DKS frequency combs
as multi-wavelength LO at the receiver, we perform a
third experiment shown schematically in Fig. 3a. At the
transmitter, a first DKS comb generator with an FSR of
∼ 100 GHz serves as an optical source. At the receiver, a
second DKS comb source having approximately the same
FSR is used to generate the corresponding LO tones, each
featuring an optical linewidth below 100 kHz. Figures 3b
and 3c show a section of the transmitted data spectrum
along with the corresponding section of the LO comb.
As a reference, the same experiment was repeated using
a high-quality ECL with a 10 kHz linewidth as an LO for
channel-by-channel demodulation. Overall, an aggregate
data rate of 34.6 Tbit/s is obtained. The resulting BER
values of all 99 channels for both methods are shown
in Fig. 3d. Some of the channels showed signal impair-
ments due to limitations of the available equipment, see
Methods. However, we cannot observe any considerable
penalty that could be systematically attributed to using
the DKS comb as an LO.
While frequency combs offer fundamental technical ad-
vantages compared to discrete lasers, they can also con-
tribute to reduce the power consumption of the transmis-
sion system. In this context, the power conversion effi-
ciency of the DKS comb generator is an important met-
ric, defined as the ratio between the power of the pump
and that of the generated comb lines. The power con-
version efficiency of our current comb sources is limited
to rather small values between 0.1 % and 0.6 % due to
the fundamental principle that bright soliton generation
only occurs with the pump laser being far detuned from
the optical resonance. Still, the overall power consump-
tion can already now compete with massively parallel
arrays of commercially available integrated tunable laser
assemblies (ITLA), see Methods and Section 5 of the SI
for details. The analysis also shows that improvement
of more than one order of magnitude compared to ITLA
is possible by optimizing the microresonator dispersion,
by making use of tailored amplifiers with optimum effi-
ciency, and by increasing the power conversion efficiency
via recently demonstrated high-Q Si3N4 microresonators
with Q-factors of 6× 106.
In summary, we have demonstrated the potential of
chip-scale DKS frequency combs for massively parallel
WDM at data rates of tens of terabit/s. We use them
both as multi-wavelength source at the transmitter and
as LO at the receiver, and we show in both cases that that
there is no systematic penalty compared to using high-
quality ECL. While our experiments achieve the high-
est data rate with chip-scale frequency comb sources to
date, there is still room for increasing the transmission
capacity by optimizing the transmission system or by us-
ing the adjacent S and U bands for telecommunications
in the near infrared. For long transmission distances,
comb-based transmission schemes might allow for com-
pensation of nonlinear impairments and hence lead to an
improved signal quality compared to conventional WDM
schemes[13]. The results prove the tremendous potential
of DKS comb generators for high-speed data transmis-
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FIG. 3. Coherent data transmission using DKS frequency combs both at the transmitter and at the receiver
side. a, Massively parallel WDM data transmission schematic using DKS frequency combs both as multi-wavelength source
at the transmitter and as multi-wavelength local oscillator (LO) at the receiver. We use 16QAM at a symbol rate of 50 GBd
per channel. In contrast to Fig. 2a, a single optical source provides all required LO for coherent detection. An extra DEMUX
is required to route each LO tone to the respective coherent receiver (Coh. Rx). b, Section of the spectrum of the transmitted
channels. c, Corresponding section of the spectrum of the DKS frequency comb used as multi-wavelength LO for coherent
detection. The comparatively large width of the spectral lines is caused by the resolution bandwidth (RBW) of the spectrometer
(RBW: 0.1 nm). d, Measured BER for each data channel. Blue squares show the results obtained when using a DKS comb as
multi-wavelength LO, and red triangles correspond to a reference measurement using a high-quality ECL as LO. Dashed lines
mark the BER thresholds of 4.5 × 10−3 (1.5 × 10−2) for hard-decision (soft-decision) FEC with 7 % (20 %) overhead. Black
circles show the channels with BER above the threshold for 7 % FEC and specify the reasons for low signal quality: low OCNR
of the carriers from the LO comb (“LO”) and the signal comb (“Signal”), as well as bandwidth limitations of the C-band EDFA
(“EDFA”).
sion, both in petabit/s intra-datacenter networks[33] and
in inter-datacenter connections.
METHODS
Fabrication of high-Q Si3N4 microresonator
We use Si3N4 microresonators for generation of DKS
frequency combs. These devices lend themselves to co-
integration with other photonic devices, using either
monolithic approaches on silicon[9] or indium phosphide
(InP)[34], hybrid InP-on-silicon approaches[35], or multi-
chip concepts[15, 36]. A particularly attractive option
is to co-integrate DKS comb generators with advanced
multiplexer and demultiplexer circuits[9] and with highly
power-efficient IQ modulators[37, 38] to realize chip-scale
transceivers that can handle tens of terabit/s of data traf-
fic, as already envisioned in Ref. [15]. For soliton forma-
tion, anomalous group velocity dispersion (GVD) is re-
quired, necessitating Si3N4 waveguide heights of approxi-
mately 800 nm for a width of 1.65 µm. These dimensions
are achieved by using the recently developed photonic
Damascence process[28], along with a waveguide filter-
ing section to achieve a smooth dispersion profile[30]. A
mode-filtering section was incorporated into the micror-
ings in order to suppress higher-order modes[30], see Inset
of Fig. 1a. This allows to minimize the number of avoided
7mode crossings and facilitates soliton comb generation.
Fabrication reproducibility was investigated, leading to
a yield of chips enabling DKS generation per batch of
approximately 40 %. For resonators taken from the same
wafer, we measured an average line spacing of 95.75 GHz
with a standard deviation of approximately 70 MHz. We
attribute such differences to variations of both the waveg-
uide width and the thickness of the Si3N4 layer between
distant micro-resonators within the same wafer. These
variations are approximately 20 nm and may be reduced
by increasing the uniformity of the fabrication process
over the entire wafer. In particular, we expect that the
use of highly developed large-scale fabrication equipment
such as 193 nm deep-UV lithography and thin-film tools
with improved uniformity will overcome these shortcom-
ings in device reproducibility, as already demonstrated
in the context of silicon photonics[39]. Note that the
line spacing difference between frequency combs can be
compensate through thermal tuning, which allows us to
adapt the microresonators FSR over a tuning range of
more than 40 MHz, with a precision of approximately
200 kHz. The same technique can be applied to pre-
cisely match the line spacing to established ITU grids.
In addition, we measured the differences in power con-
version efficiency of the DKS comb generators used in
our experiment, leading to values that range from 0.1 %
to 0.6 %. These differences in power conversion efficiency
are attributed to variations of the quality factors of the
pumped resonances, which may be influenced by interac-
tions of the fundamental mode with higher-order modes.
Even though mode-filtering sections are used to suppress
the propagation of higher order modes within the waveg-
uide, we can still observe slight variations of the spectral
envelope with respect to the theoretical sech2 envelope
shape. This fact hints to the presence of avoided mode
crossings which are characteristic of multimode waveg-
uides. We expect that these limitations can be over-
come by optimized device design. For DKS comb genera-
tors with improver power efficiency, high-Q factors are of
great importance. Recently, Si3N4 resonators have been
demonstrated[40, 41] to reach Q-factors of more than
6×106 both in devices with normal[40] and anomalous[41]
GVD. Along with tailored optical amplifiers, such devices
allow to reduce the electrical power consumption by more
than an order of magnitude compared to state-of-the-art
ITLA laser arrays, see Section 5.1 of the SI.
Soliton comb generation
The DKS combs are generated by pumping the mi-
croresonators with an ECL and a subsequent EDFA,
which is operated at an output power of approximately
35 dBm, see Section 1 and Fig. S1 of the SI for a more
detailed description of the comb generation setup. A
high-power band-pass filter with a 3 dB bandwidth of
0.8 nm is used to suppress the ASE noise from the optical
amplifier. The soliton state is excited by well-controlled
wavelength tuning[3] of the pump ECL from low to high
wavelengths across the resonance at a rate of approxi-
mately 100 pm/s. Once a multiple soliton state is ob-
tained, the transition to a single-soliton state is accom-
plished by fine-tuning of the pump laser towards lower
wavelengths[29]. This slow sweep is performed at a rate
of approximately 1 pm/s. Light is coupled into and
out of the on-chip Si3N4 waveguides by means of lensed
fibers, featuring spot sizes of 3.5 µm and coupling losses
of 1.4 dB per facet. The power coupled to the chip was
approximately 32 dBm. The frequency comb used in
the single-comb transmission experiment exhibits a line
spacing of 95.80 GHz and a 3 dB bandwidth of more
than 6 THz. The optical linewidth of individual comb
carriers is limited by the optical linewidth of our tun-
able pump lasers (TLB-6700, New Focus and TSL-220,
Santec), which is below 100 kHz. This value is well be-
low that of telecommunication-grade DFB lasers[42] and
hence perfectly suited for coherent communications[43].
No additional linewidth broadening relative to the pump
is measured, i.e., the phase noise of the comb lines seems
to be entirely dominated by the pump. Note, in addi-
tion, that an alternative approach for DKS generation
has recently been demonstrated[44] where the detuning
of the pump laser with respect to the resonance is ad-
justed by thermally shifting the resonance by means of
integrated heaters rather than by tuning the wavelength
of the pump laser. This technique allows to replace the
tunable laser by much more stable CW pump lasers with
sub-kHz linewidths. At the output of the microresonator,
a tunable fiber Bragg grating (FBG) acts as a notch filter
to suppress the residual pump light to a power level that
matches the other comb carriers. After the FBG, the
measured optical power of the entire comb spectrum, see
Fig. 1c, amounts to 4 dBm. For the experiments using
interleaved transmitter (Tx) frequency combs or a sep-
arate receiver (Rx) LO comb, a second DKS comb gen-
erator with similar performance is used. The frequency
comb from the second device for the interleaved Tx combs
(for the Rx LO) features a slightly different line spacing
of 95.82 GHz (95.70 GHz) and optical power of 0 dBm
(8 dBm). For the transmission experiments, an EDFA is
used to amplify the combs to an approximate power of
5 dBm per line prior to modulation. The carriers next to
the pumped resonance are superimposed by strong am-
plified stimulated emission (ASE) noise that originates
from the optical amplifier. In future implementations,
ASE noise can be avoided by extracting the comb light
from the microresonator using a drop-port geometry[45].
This would avoid direct transmission of broadband ASE
noise through the device and, in addition, would render
the notch filter for pump light suppression superfluous.
8Dissipative Kerr soliton comb tuning and
interleaving
Precise interleaving of the frequency combs in the sec-
ond transmission experiment is achieved by adjusting the
temperature of each microresonator, which changes the
refractive index and thereby shifts the resonance frequen-
cies while leaving the FSR essentially unchanged[46]. A
detailed sketch of the experimental setup is given in Sec-
tion 1 of the SI. The resonance frequencies of the cavity
can be tuned at a rate of approximately −2.5 GHz/K
with an accuracy of approximately 200 MHz, limited
by the resolution of the heater of approximately 0.1 K.
In addition, as a consequence of intra-pulse Raman
scattering[47], the center frequency of the comb can also
be tuned by slowly changing the pump frequency during
operation at a constant external temperature. The as-
sociated tuning range is limited to approximately ±500
MHz before the comb state is lost; the tuning resolution
is given by the pump laser and amounts to approximately
10 MHz for our devices (TLB-6700, New Focus; TSL-220,
Santec). These tuning procedures are used for precise in-
terleaving of DKS combs in the second transmission ex-
periment and for synchronizing the LO comb to the Tx
comb in the third transmission experiment.
Data transmission experimets
For the data transmission experiments[48–50] the
single or interleaved frequency comb is amplified to
26.5 dBm by a C/L-band EDFA, before the lines are
equalized and dis-interleaved into odd and even car-
riers to emulate WDM. In the lab experiment, the
de-multiplexer (DEMUX) depicted in Fig. 2a is im-
plemented by two programmable filters (Finisar Wave-
Shaper, WS) along with C- and L-band filters, that act
as dis-interleavers to separate the combs into two sets of
“even” and “odd” carriers, see Section 2 of the SI for a
more detailed description of the experimental setup. Af-
ter separation, the carriers are routed to individual dual-
polarization in-phase/quadrature modulators (IQ-mod),
which encode independent data streams on each polar-
ization using both the amplitude and the phase of the op-
tical signal as carriers of information. To this end, we use
two optical IQ modulators which are driven with pseudo-
random bit sequences of length 2111 using QPSK or
16QAM signaling and raised-cosine (RC) pulse shaping
with a roll-off factor β = 0.1. The drive signals were gen-
erated by arbitrary-waveform generators (AWG). For the
transmission experiment using frequency combs as opti-
cal source at the Tx, the symbol rate was 40 GBd, and
the sampling rate of the AWG was 65 GSa/s (Keysight
M8195A). For the experiment with a DKS comb as a
multi-wavelength LO, symbol rates of 50 GBd and sam-
pling rates of 92 GSa/s (Keysight M8196A) were used.
We refrained from using higher symbol rates since the
limited electrical bandwidth of our transmitter and re-
ceiver hardware would have led to significantly worse
signal quality. In all experiments, polarization division
multiplexing (PDM) is emulated by a split-and-combine
method, where the data stream of one polarization is de-
layed by approximately 240 bits with respect to the other
to generate uncorrelated data[51]. The data channels
are then recombined into a 75 km long standard single-
mode fiber (SSMF) fiber using a multiplexer (MUX) and
boosted by an erbium-doped fiber amplifier (EDFA), be-
fore being transmitted. At the receiver, we select each
channel individually by a BPF having a 0.6 nm pass-
band, followed by a C-band or an L-band EDFA, and
another BPF with a 1.5 nm passband. The signal is re-
ceived and processed by means of an optical modulation
analyzer (OMA, Keysight N4391A), using either a high-
quality ECL line or a tone of another DKS comb as local
oscillator. In the latter case, we use an optical band-pass
filter to extract the tone of interest from the LO comb,
see Section 4 of the SI for details. In all experiments, we
perform offline processing including filtering, frequency
offset compensation, clock recovery, polarization demul-
tiplexing, dispersion compensation, and equalization.
Transmission impairments and data rates
In our transmission experiments, performance was im-
paired by specific limitations of the available laboratory
equipment, which can be avoided in real-world transmis-
sion systems. For the data transmission experiment using
a single DKS comb generator as optical source, Fig. 2a,
a total of 101 tones were derived from the comb in the C
and L band. Out of those, 92 carriers performed better
than the BER threshold of 4.5 × 10−3 for widely used
second-generation forward-error correction (FEC) with
7 % overhead[31], see Fig. 2e. The pump tone at approx-
imately 192.66 THz and two neighbouring carriers could
not be used for data transmission due to strong amplified
spontaneous emission (ASE) background from the pump
EDFA. Two more directly adjacent channels exceeded
the threshold of 4.5×10−3, but were still below the BER
threshold of 1.5× 10−2 for soft-decision FEC with 20 %
overhead[31]. Another four channels at the low-frequency
end of the C-band were lost due to a mismatch on the
transmission band of the C-band filters used to realize the
demultiplexer. This leads to an overall net data rate (line
rate) of 30.1 Tbit/s (28.0 Tbit/s). Similarly, for the data
transmission experiment using interleaved DKS combs as
optical source at the transmiter, Fig. 2b, a total of 126
channels exhibit a BER of less than 4.5 × 10−3, requir-
ing an FEC overhead of 7 %, and 39 additional channels
showed a BER below 1.5× 10−2 which can be corrected
by FEC schemes with 20 % overhead. For the 14 channels
at the low-frequency edge of the L band, the modulation
format was changed to QPSK since data transmission us-
ing 16QAM was inhibited by the low power of these car-
riers caused by a decrease of amplification of the L-band
EDFA in this wavelength range, , see Section 2 of the SI
9for a more detailed description. This leads to an overall
net data rate (line rate) of 50.2 Tbit/s (55.0 Tbit/s). For
the transmission experiment using DKS frequency combs
both at the transmitter and at the receiver side, Fig. 3a,
99 tones were transmitted and tested. Out of those, a to-
tal of 89 channels perform better than the BER threshold
for hard-decision FEC with 7 % overhead ( 4.5× 10−3),
and additional four channels are below the BER limit
of 1.5× 10−2 for soft-decision FEC with 20 % overhead.
For the remaining channels, coherent reception was in-
hibited by low OSNR. This leads to an overall net data
rate (line rate) of 34.6 Tbit/s (37.2 Tbit/s). The black
circles in Fig. 3d show the channels with BER above the
threshold for 7 % FEC and specify the reasons for low
signal quality: low optical carrier-to-noise ratio (OCNR)
of the carriers from the LO comb (LO) and the signal
comb (Signal) as well as bandwidth limitations of the C-
band EDFA (EDFA). It is further worth noting that field-
deployed WDM systems rely on statistically independent
data channels rather than on transmitting identical data
streams on the “even” and the “odd” channels. As a
consequence, real-world signals will suffer much less from
coherent addition of nonlinear interference noise than the
signals used in our experiments[52]. With respect to non-
linear impairments, our experiments hence represent a
bad-case scenario with further room for improvement.
Characterization of the OSNR penalty of the
frequency comb source
For comparing the transmission performances of a sin-
gle comb line to that of a high-quality ECL reference
carrier, we measure the OSNR penalty at a BER of
4.5 × 10−3,which corresponds to the threshold for FEC
with 7 % overhead[31]. For a given BER, the OSNR
penalty is given by the dB-value of the ratio of the ac-
tually required OSNR to the OSNR that would be the-
oretically required in an ideal transmission setup[53]. A
detailed description of the associated experimental setup
is given in Section 3 of the SI. The carrier under test is
selected by a band-pass filter with a 1.3 nm (160 GHz)
wide passband. The carrier is then amplified to 24 dBm
by an EDFA (EFDA2 in Fig. S3) and modulated with
a PDM-16QAM signal at 40 GBd. Next, an ASE noise
source together with two VOA is used to set the OSNR
of the channel while keeping its optical power constant.
As an ASE generator, we use a second EDFA (EDFA3
in Fig. S3a). An optical spectrum analyzer (OSA, Ando
AQ6317B) is used for measuring the OSNR at the in-
put of the receiver. For each OSNR value, the quality
of the channels is determined by measuring the BER us-
ing our previously described receiver configuration, see
“Data transmission experiments” in Methods. At a BER
of 4.5 × 10−3, a penalty of 2.6 dB with respect to the
theoretical OSNR value is observed, see Fig. 2f, which is
a common value for technical implementations of optical
16QAM transmitters[54]. For high OSNR, an error floor
caused by transmitter nonlinearities and receiver noise is
reached. The maximum achievable OSNR of 44 dB at
192.56 THz for transmission with the comb line is dic-
tated by ASE noise of the C/L-band EDFA (EDFA1)
right after the FCG, see Fig. S3. As a reference, the
same measurements are repeated using a high quality
ECL (Keysight N7714A) to generate the carrier, which
leads to essentially the same OSNR penalty for a given
BER as the transmission with the comb line. Note that
for transmission with the ECL, only one EDFA (EDFA2)
is needed to increase the power to 24 dBm before be-
ing modulated. As a consequence, a higher maximum
OSNR of 58 dB can be achieved with the ECL that with
the comb line. Note that for transmission with a sin-
gle line, the lowest BER reached at 40 GBd falls below
10−4, as depicted in Fig. 2f. This value, however, is not
reached in the WDM transmission experiment with the
full comb, Fig. 2a and Fig. 3d. For WDM transmission,
a larger number of carriers are amplified by the EDFA in
front of the modulator, which, together with the limited
output power of the EDFA, leads to a decrease of the op-
tical power per line and hence of the OCNR. In addition,
when interleaving two frequency combs, a VOA and a
directional coupler are used to interleave the combs and
to adapt the power levels. These components introduce
additional loss, which needs to be compensated by the
subsequent EDFA. Using additional EDFA would there-
fore increase the quality of the received signal.
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